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characteristic absorbances at or near 1734 em—1 3509 cm™1 4009 cm-,
4389 cm™, and 4739 em~, Some of the bands that differentiate py from
NM roots are Prominent in the spectra of pure fungal cultures, chitin, ang
fatty acids, Our results show that mycorrhizal and nonmycorrhizal root
tissues can be differentiated viy MIR and NIR Spectra with the advantage
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INTRODUCTION

Arbuscular mycorrhizal (AM) fungi form symbiotic associj-
ations with the majority of row Crops, frequently enhancing
yields as wel] ag soil quality.! Both the plant and the fungus
benefit nutritionally in the AM symbiosis: The mycorrhiza]
fungus grows into the soil, improving nutrient uptake, and the
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Detection Of mycorrhizaj fungj by traditiona] methods h

relied on microscopic observation and interpretation
morphological featureg 9 Fatty acid analysis js an alternatiy

requires destructive Sampling, laborioys wet chemistry proce

tance Spectroscopy have recently become established methods
for the quick and reliable analysis of agri
48 grains, forages, e
advantageoys because it hag many distinct Peaks amenaple to

Diffuse reflectance infrared Spectroscopy s advantageoyg
because ground powders ¢an analyzed directly without
extraction or chemical treatments, and the sample is avajlapje
for other analyses after the Scans have beep performed. Lipids
have Particularly strong  absorbance in the j i

roscopy have
been used for the classification of fungal isolateg16.17 as well ag

Tegions that mark the bresence of mycorrhiza] ﬁmgi in the roots,
(3) identify possible lipid or fungal Spectral features that could
be used 1o differentiate between mycorrhizal apg non-mycor-
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Fw.. 1. Mx'crograph of an axenic culture showing the transformed carrot roots,
mycorrhizal hyphae, and chlamydospores. The picture was obtained through
the eyepiece of 4 dissecting microscope.

rhizal root Spectra, and (4) determine whether there jg a rela-
tionship between OOt spectral data and fatty acid marker data.

EXPERIMENTAL,

Carrot roots (Daucus carota) transformed by Agrobacteriym
rhizogenes Ri T-DNA were cultivated at 20 °C op 4 minimal
nutrient medium,?! modifieq to use Phytage] (Sigma) instead of

Toots were removed from the Petri dishes and shaken gently
with an orbital shaker in 100 mL 10-mmol sodium citrate, pH6
at 37 °C to dissolve the Phytagel.?? The samples were then
rinsed with distilled water and retained with a 38 Hm sieve to

and fatty acid analysis.
Fatty Acid Methyl Ester Analysis, Fatty acid analysis wag

[MIDI), Newark, DE). The MID] System is based o g
chromatography of saponified and esterified extractg follow,
by computerized peak identification.? The wet chemist
, of four steps: G
Saponification of fatty acids in 20 mg of freeze-dried fine roo

end-over-end for 5 min. The Organic phage (top phase) wias
analyzed in a 6890 GC Series Il (Hewlets Packard, Wilming.-

_ ton, DE) equipped with a flame ionization detector and 25 1 x

0.2 mm fuged sitica capillary column using ultra high Ppurity
hydrogen as the carrier gas. The te'mperature' program wag
ramped from 170 °C 1o 250 °‘Cat5°C mjp-1 Fatty acids were
identified and thejr relative peak areas were determined wih
respect to the other fatty acids in 4 sample using the MiIs
Aerobe method of the MIDJY System. The FAME nomenclatyre

are indicated by “c”, rans isomers are indicated by a “t”, and
branched fatty acids are indicated by the prefixes “I” ang “z»
for iso and anteiso, Tespectively. Other Notations are “Me” for
methyl, “OH” for hydroxyl; and « y” for Cyclopropane,
Infrared Spectroscopy. All M and NM 00t samples wera
Scanned in the NIR and MIR on a Digilab FTS 7000 (Varian,

IR, respectively.
Spectral data were collected at 4 ¢! resolution (64 co-added
i cm™! for the
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TABLEL Fatty acid data as percent of total fatty acids. Only fatty acids 4
with more than 12 carbons in the aliphatic end of the molecule and
making more than 0.5 percent of total peak area are included. The TTEST

——— Safflower oil
= Canola oil 1711
——~— Palmitic acid

results are the probability that the mycorrhizal (M) and non-mycorrhizal
(NM) data come from populations with the same mean according to a
Student’s t-Test. Summed feature 7 contains 18:1w7c, 18:1w9t, and/or
18:1w12t. Summed feature 5 (18:0anteiso/18:206,9¢). n - 26 non-
mycorrhizal, and 24 mycorrhizal. .

NM M TTEST
12:0 0.99 0.64 0.00
13:0anteiso 0.43 0.27 0.00
15:0 0.60 .53 0.07
16:1iso 0.36 0.15 0.00
16:1w5¢ ) 0.04 14.18 0.00
16:0 25.19 26.92 0.30
16:020H 1.03 0.89 0.02
18:109c 6.83 6.46 0.48
18:1w7c 0 1.61 0.00
18:0 4.04 3.67 0.13
19:0iso : 0.32 0.30 0.55
20:0 i ’ 4.29 3.89 0.12
Summed feature 5 384 26.63 0.00
Summed feature 7 10.57 7.52 0.00

allowing for the dissolution of the medium and separation of
the fungal biomass at the end of the growth period (as with the

root cultures above). The fungal cultures were ground in liquid

nitrogen using a mortar and pestle before being scanned
undiluted in the MIR and NIR as with the root samples.

Chitin (poly-N-acetylglucosamine) (Sigma-Aldrich, St.
Louis, MO) was ground with an agate mortar and pestle and
scanned in the MIR and NIR as with the root and fungal
samples, except that a liquid nitrogen cooled indium
antimonide detector was used for the NIR.

Multivariate Analysis and Spectral Subtraction. Princi-
pal component analysis (PCA) of the MIR and NIR spectra, as
well as the correlation of spectra and constituents were carried
out using GRAMS/AI Version 7.02 (Thermo Galactic, Salem.
NH). The whole wavenumber regions in the MIR and NIR
were used for the PCA analyses except for two small regions in
the MIR between 2300-2385 cm™! and 660-665 cm™ !, which
were affected by small fluctuations possibly due to CO,.
Removing these regions did not affect the PCA results but
excluded the possible CO, bands from the component loadings
analysis. GRAMS/AI was used to obtain the average and
subtracted spectra of selected samples. The standard normal
variate (SNV) and detrending pretreatment of GRAMS/AT was
used for the PCA of the MIR range. The SNV and detrending
are commonly used in NIR spectroscopy to reduce baseline
shift, tilt, and curvature due to sample heterogeneity and
scattering issues during diffuse reflection scans. The SNV
treatment improved the resolution of the M and NM samples in
the MIR, but not the NIR, which had good resolution with the
untreated (raw) spectral data. PCA loadings were used to
indicate the strength of the correlation between components
and the wavenumbers. For spectral subtraction, the spectra
were standardized by subtracting each individual wavenumber
from the mean absorbance of the spectrum, then dividing by
the standard deviation of the spectrum,

RESULTS AND DISCUSSION

Few studies on the spectroscopy of infected plant tissues
have been carried out to date. However, infrared spectroscopic
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Fio. 2. Mid-infrared spectra of free fatty acidskayhyd oils.

techniques can be used successtully to distinguish uninfe.
plant material from samples infected with fungi.?*25 Gordo
al. used transient infrared SPECtroscopy to acquire infr
spectra from a moving bed of comn kemels and were abl
distinguish good corn from grain infected with A. Sfavu
Eukhimovitch et al. used infrared microscopy to relia
identify potato samples infected with C. coccodes.?> Th
results suggest that infrared spectroscopic methods can
developed to diagnose fungal infection for many mycologi
applications in a quick, inexpensive, and sensitive fashi
Mycorrhizal research could benefit greatly from such
technology because quick screening of field samples w
allow for frequent, detailed, and more meaningful data fc
relatively large field experiments. This would require mu
more manpower if the traditional root clearing, Staining, a
visual scoring approach were used. The recent use of fatty ac
marker analysis, a fast and unbiased technique based on w
chemistry and gas chromatography, needs to be used wi
caution because species like (. occultum, an ubiquitor
mycorrhizal fungus, does not have the 16: 1w5 marker.’
possible approach could be to use whole spectra together wii
multivariate statistical techniques in order to differentiate tt
samples. Alternatively, specific diagnostic wavelengths, onc
identified, could be used in order to mark the presence ¢
fungal material in a plant sample.

Fatty Acid Analysis of Roots. The AM fungi contai
unusual fatty acids that are not present, or are present only i
smaller amounts, in uninfected roots or rhizosphere microor
ganisms.? Because of this, M roots can be distinguished fron
NM roots by their fatty acid profiles.5 For example, 16:1w5¢
18:1w7¢, 20:109¢, 20:2wbc¢, 20:3, 20:4, and 20:5 occur solely
or in significantly higher concentrations i M roots relative tc
uninfected roots.> There is no universal fatty acid marker for
all mycorrhizal fungal species, but the aforementioned fatty
acids alone or in combination have been proposed as markers
of different mycorrhizal fungi in environmental samples and
roots.>® Root cultures have the advantage over environmenta
samples in that there is no background of fatty acids pertaining
to other rhizosphere organisms or soil. In this study, M carrot
roots had a significantly higher percentage of 16:1w5c¢ and
18:107¢ than NM roots (Table D). The percentage of 16:m5c
within the M samples varied from 429 to below detection
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Fio. 3. Near-infrared spectra of free fatty acids and oils.

 limits, suggesting that the M samples had wide variation in the

amount of mycorrhizal infection. The relativg: percentage of
fatty acids 15:0, 16:0, 18:0, 18:109c, 19:0iso, and 20:0 were
statistically indistinguishable between M and NM roots {p >

0.05). The NM roots had significantly higher percentage of

12:0, 13:0anteiso, 16:1iso, 16:020H, and two unresolved
mixtures of fatty acids (18:1w07c, 18:109t, and/or 18:1w12t,
18:0anteiso, and/or 18:26,9¢) than NM roots. \
Spectral Properties of Free Fatty Acids and Oils, The
MIR spectra of the fatty acids and oils show some common
features (Fig. 2). All free fatty acids, as well as the canola and
safflower oils, had peaks at 2924 cm™, 2848 cm~1, 1466 cm™!,
and 723 cm!. The bands at 2924 cm—! and 2848 cm™! are
caused by CH; stretching, absorbance at 1466 cm! is due to
CH; and CH; bending, and absorbance at 723 cm1 is caused
by (CHy), and HC=CH bending.?” The free fatty acids have

 higher absorbance than the oils at two broad regions spanning

22002800 co~! and 30303400 cm~". The monounsaturated
fatty acids (palmitoleic and oleic acids) have nearly indistin-
guishable MIR spectra. The monounsaturated fatty acids had a
peak at 3006 cm™! not found on the saturated palmitic acid, due
to stretching of the =CH_;, double bond. 27 Palmitic acid has
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Fia. 4. Mid-infrared spectra of fungal pure cyltures,
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pronounced peaks at 723 cm™1, 941 em™, and 1295 cm~! that
were less marked on the rest of the samples. The free fatty acids
had a prominent peak at 1711 cm™? aributable to —C=0)
stretching i the carboxylic end of the molecule, while the oils
had an adjacent peak at 1747 cm™! due to —C=0 in esters, The
oils have a peak at 1163 cm~! (~C-0, or -CH, stretching and
bending), which is absent in the free fatty acid spectra, ‘

The NIR spectra of the free fatty acids and oils shows that all
the spectra had peaks at 5774 cm™!, 5683 em™!, 4319 ¢cm-!,
and 4259 cm? (Fig. 3). The peaks at 5774 cm™! and 5683
em™ are in the first overtone region for methylene stretching in
linear aliphatic molecules. The peaks at 4319 cm~! and 4259
em™! are in the first combination region for ~-CH stretching
with the bending and stretching of the MIR region.

Spectral Properties of Fungal Material and Chitin. The
MIR spectra of the pure fungal cultures shows that fungi have a
broad peak at around 3400 cm™!, peaks at 2928 cm™l, 1666
cm™, 1554 em1, 1157-1085 cm™!, and a broad peak around
580 cm™! (Fig. 4). The peaks near 1085 cm~! and 1554 cm~1,
as well as a peak near 1405 cm™!, have been identified as
useful in the detection of fungal infection in potato tissye,25

The NIR scans show that the pure fungal cultures have
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FiG. 6. Mid-infrared spectrum of chitin.
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Fie. 7. Near-infrared spectrum of chitin.

different spectral features. The Phoma sp. and Bipolaris
sorokiniana spectra have high absorbance towards wavenum-
bers higher than 7000 cm™!, possibly because of their darker
color (Fig. 5). However, the NIR spectra of the other fungal
material had features at 5790 cm™!, 5675 cm™!, 5170 cm™!,
4610 cm™!, 4330 cm™!, 4260 cm!, and 4020 cm™!, although
these peaks were not as pronounced as those shown in the MIR
(Fig. 4).

The MIR and NIR spectra of chitin (Figs. 6 and 7) show
many similarities with those of the pure fungal cultures. This
suggests that chitin, besides being an important fungal cell wall
component, contributes significantly to the absorbance in the
MIR and NIR of the fungal material. The chitin and the fungal
spectra share prominent peaks at 1085 cm™!, 1157 cm™!, 1666
cm™!, and the close peaks at 2928 cm~! and 2924 cm—! in the
MIR, and at 4020 cm™ and close bands at 5170 cm™! and 5174
cm™! (Figs. 4 through 7).

Principal Component Analysis of the Root Mid-Infrared
Spectra. The PCA analysis of the MIR shows that M roots
tend to have different MIR spectral properties than NM roots,
although the difference was not clear cut (data not shown). The
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Fii. 8. Component 1 loadings for the PCA of the raw mid-infrared spectra of
the mycorrhizal and non-mycorrhizal axenic cultures.
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Fic. 9. Component 3 loadings for the PCA of the raw ridinfrared spect:
the mycorrhizal and non-mycorrhizal axenic cultures. The spectral range
the highest loadings is shown.

.

PCA can help concentrate the large amount of informat
included in the spectra into a few underlying components.
scores indicate the location of the sample along a compone
and samples with close scores tend to have similar spect
properties. Mycorrhizal spectra tend to have low scores alc
components 1 and 3 of the PCA compared to the NM spect
The relationship between the sample scores and the spect
data is determined by the factor loadings (Figs. 8 and 9). T
sample score distribution along the axes is positively related
wavelengths with high loadings and negatively related
wavelengths with low loadings for the particular axis. Fact
loadings for component 1 indicate that absorbances at seve)
close peaks near 1690 cm™! are positively related to
presence of mycorrhizae, while absorbances at a broad bar
around 3522 cm™! and peaks at 1734 cm™!, 1211 cm™l,
987-920 cv! are associated with non-mycorrhizal roots (Fi
8). The loadings for component 3 of the PCA, which accoun
for 12.4% of the variation in the spectral data, indicate that ]
samples are associated with wavenumbers between 1097 an
1165 cm™! (Fig. 9). The high scores along component 3, whe
the NM samples tend to be, are associated with loading peak
at 1734 cm™1, 1489 cm™!, and several peaks between 771 an
912 cm™L,

As discussed above, the SNV and detrending pretreatment
improved the resolution of M and NM samples. One possibl
reason for the lack of clear separation with the raw MIR spectr
is that some of the differences of importance between M an
NM samples are in the area around 1100 cm™!, where specula
reflection distortions are prevalent in the MIR. Diluting th
samples with KBR is known to reduce the specular reflectior
issues, but it adds significant labor to the analysis. The
mathematical pretreatment, however, is instantaneous anc
improves the resolution of the M and NM samples satisfac.
torily.

Principal Component Analysis of the Root Near-
Infrared Spectra. The principal component analysis of the
raw NIR spectral data shows that the M roots have distinctly
different NIR spectra than the NM roots (data not shown), and
no pretreatment was needed to achieve good resolution
between NM and M roots in the NIR region. Mycorrhizal
roots have lower scores than NM roots for components 2 and 3,
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Fi6. 10.  Factor 2 loadings for the PCA of the raw near-infrared spectra of the
mycorrhizal and non-mycormrhizal axenic cultures.

which explain a small portion of the spectral variation (1.6
percent altogether). The loadings pattern for component 2 looks
similar to a raw root NIR spectrum, with the smaller
wavelengths (near 4000 cm™!) explaining the score patiéms
of NM samples, as well as broad regions near 4740, 4389, and
4290 em™! (Fig. 10). Loadings for component 3 indicate that
NM roots have high absorbance at wavenumbers above 9100
em™! and at 4730 cnrl, 4276 cm™!, and 4000 e !, while M
roots are associated with absorbance at 5032 em~! and broad
areas between 7100-7570 cm™! and 5300-5370 cm™! (Fig. 11).

Average Spectra and Spectral Subtraction, The subtract-
ed MIR spectrum of selected samples shows the different
spectral properties of M and NM tissues (Fig. 12). The
subtracted spectra illustrate the difference in spectral properties
between highly mycorrhizal roots and uninfected controls. This
goes beyond the PCA approach, which shows the differences
between the whole set of inoculated cultures and controls,
regardless of the intensity of mycorrhizal mfection. The M
samples were selected to have high 16:1w5 percentage,
indicating high infection. The subtracted spectrum shows the

0.04
0.03
4276
4730
0.02 A
7
°
o 0.01 4
53
g
o 000 4
-0.01 -
5032 >
-0.02 <7 T T T T ; ‘——]
10000 9000 8000 7000 5000 5000
Wavenumber (cmi)
Fig. 11. Factor 3 loadings for the PCA of the raw near-infrared spectra of the

mycorrhizal and non-mycorrhizal axenic cultures,

Standardized Absorbance
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0.00 4

Subtracted absorbance
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0.10 1732 ———s 1498 914

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fio. 12, (Top) Average mid-infrared root spectra of selected mycorrhizal and
non-mycorrhizal axenic samiples, and (hottom) the subtracted (non-mycorrhizal
~ mycorrhizal) spectrum. n = 3.

different spectral properties of M and NM samples. The
selected mycorrhizal roots were most different from NM roots
near 400 cm™, at 1626 cm™!, 2928 cm™!, and a region between
1150-1180 cm™! that peaked at 1166 cm1. Non-mycorrhizal
roots were characterized by absorbance at a broad region
around 3670 cm™!, at 1732 em™!, 1498 cm™!, and 914 em™!.
Note that bands near 1165 cm~!, 1734 cm™l, 912 em™!, 1490
cm™!, and 3600 cm—! were also important in resolving M and
NM samples using the PCA analysis (above),

The MIR spectra are amenable to interpretation because they
have distinct peaks that can be attributed to specific spectral
bands.!'> While the chemistry surrounding the functional
groups can cause shifts on the specific bands, the PCA and
subtraction approaches can indicate likely differences in
composition between M and NM roots. The 1732 cm™! band
has been attributed to C=0 stretching?® and suggests a higher
amount of esterified carbohydrates in the NM samples than in
the infected roots. The NM roots are also characterized by
absorbances near 1490 crm~! and 914 cm™!, possibly due to
C=C stretching within aromatic hydrocarbons, and =CH or
=CH; bending, respectively. The PCA and the subtraction
approach show that the M samples are characterized by
absorbances at 1100-1170 cm™!, which could be attributed to
~C-C-C or ~O~C bond stretching. The absorbance at 2928
cm™! shown by the subtraction approach suggests increased
~CH, -CH,, or CHj stretching in the M samples. The band at
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Fic. 13.  (Top) Average near-infrared root spectra of selected mycorrhizal and
non-mycorrhizal axenic samples, and (bottom) the subtracted (non-mycorrhizal
- mycorrhizal) spectrum. n = 3.

1626 cm™! in the M samples is near the C=C stretching band
for alkenes.

The NIR spectra of three M samples (the same ones shown
in Fig. 12) were averaged and subtracted from the NM spectra
in order to illustrate the spectral differences between highly
infected and control roots (Fig. 13). The M samples were
different from NM samples at a broad section around 7570
cm™! and higher wavenumbers and at a small peak at 4334
cm™'. The NM NIR spectra were different than the M at a
broad peak around 4730 cm™! and at 10000 cm~!. Note that
these wavenumbers were also important in the component
loadings to differentiate M and NM roots in the PCA analysis
above,

Comparison of the Root Spectral Analyses and the
Fungal, Fatty Acid, and Chitin Spectra. The MIR PCA and
the spectral subtraction analyses show that the M roots are
distinguished from the NM roots by higher absorbance at
wavenumbers close to 1165 cm~! (Figs. 9 and 12). This is a
prominent band in safflower and canola oil MIR spectra (Fig.
2) and is close to the peak at 1157 cm~! observed in the pure
fungal biomass (Fig. 4) and chitin (Fig. 6).

The subtraction of the NIR spectra of highly infected M
roots and NM roots identifies 4334 cmr~! as one of the NIR
absorbance features that differentiates M from NM spectra
(Fig. 13). This band is close to peaks present in the Fusarium
fungal biomass at 4330 cm™! (Fig. 5) and at 4319 cm~! in the
fatty acids and oils (Fig. 3), which suggests that fungal and

500 Volume 63, Number 5, 2009

lipid components of the M roots differentiate them fro
roots.

CONCLUSION

This study demonstrates the applicability of alt
spectroscopic methods for the detection of M fungi in
Ri T-DNA carrot roots colonized by G. intraradices
distinct spectra relative to NM roots in the NIR and
ranges. Replicate cultures of the mycorrhizal and co;
clustered separately in the PCA diagrams of the raw
spectra and the pretreated MIR spectra, indicating
reproducibility of the spectroscopic technique. No pretreat
was needed to achieve good resolution of the PCA in the .
while standard normal variate pretreatment of the MIR
improved the separation of the M and NM samples. Our re
show that mycorrhizal fungal components such as lipids
chitin can partially explain the spectral differences betwee
and NM roots. Future work should investigate batch effects
culture conditions on the spectral properties of M and
roots. Also, the spectral properties of other crop--fungal spe
combinations in the laboratory and the field need to
determined in order to establish whether there are unive
spectral signatures for this important group of organismis.
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